Abstract. The knowledge of the detailed atomic structure of modern materials is the key to understanding the their macroscopic properties. The atomic pair distribution function (PDF) reveals short-range and medium-range structural information. In this paper we present an overview of refinement and modelling techniques. In short, we will be trying to answer the question: What can I learn from my PDF?
Introduction
The papers in this section of Zeitschrift für Kristallographie are dedicated to Takeshi Egami, winner of this years Warren Award presented by the American Crystallographic Association. The award honors Takeshi's contribution to structural analysis of disordered materials using the atomic pair distribution function (PDF). It is timely that this collection of papers coincides with the publishing of a text book on the subject by Egami and Billinge (2003) .
The power of the PDF technique is the fact that it uses the complete diffraction pattern, i.e. diffuse and Bragg scattering, and reveals information about the local and medium range structure of the material. The method has is origins in the study of glasses and liquids. The application of this method to disordered crystalline materials was largely pioneered by Takeshi Egami and is now developing into a more widely used characterization tool for materials, crystalline or otherwise. Most recently, Takeshi Egami was the principle investigator ( Fig. 1) of the upgrade the Neutron Powder DiFfractometer (NPDF) at the Lujan Neutron Scattering Center (Proffen et al., 2002a) . The instrument NPDF is dedicated to the study of disordered and nanocrystalline materials using the PDF method and can be called the best instrument of its kind in the world.
With advances in instrumentation and data collection, we want to address the question in this paper how to extract structural information from a PDF using some very simple and straight forward examples. Keeping this the focus of our paper, we will concentrate on our own work and modelling software. The experimental PDF is the Fourier transform of the normalized X-ray or neutron scattering intensities (for details see Egami and Billinge (2003) , Proffen et al. (2003) ). For the purpose of this paper, we start assuming an experimental PDF was successfully obtained. Some local structural information can simply be obtained by inspection. The PDF is a measure of the probability of finding an atom at a distance r from another atom. In a study by Billinge et al. (1996) , the authors used the temperature dependence of the oxygenoxygen PDF peak height to demonstrate the existence and behavior of polarons in calcium doped manganites. Simple peak fitting will reveal nearest neighbor bond distances and the integral of a suitably normalized PDF corresponds to the coordination number. A simple analysis of the peak width dependence on the distance r reveals information about correlated motion (Jeong et al., 1999) . However, in many cases the comparison or even refinement of a structural model will be desired. As mentioned before, the PDF is simply the bond length distribution of the material weighted by the respective scattering powers of the contributing atoms. The PDF can be calculated from a structural model using the relation
where the sum goes over all pairs of atoms i and j within the model crystal separated by r ij . The scattering power of atom i is b i and hbi is the average scattering power of the sample. Using the relation above, the PDF can be calculated and tested against an average structural model or the result of molecular dynamics simulations. This allows one to test those models, however, often a refinement of that model is desired. In this paper we will focus on two different cases:
(1) The structural model contains a large number of atoms and we use Reverse Monte Carlo (RMC) to create a configuration agreeing with the observed PDF. (2) The model can be described with just a few atoms and the structural parameters are refined using a least-square algorithm. The following sections describe these two approaches and give examples. A good resource for more information as well as to obtain the programs mentioned in this paper is Billinge (2001) .
Reverse Monte Carlo simulations
In this section we deal with modelling that requires a large model structure, typically containing tens of thousands of atoms or even more. The Reverse Monte Carlo (RMC) technique used to create a structure consistent with the observations can be understood as simply "shaking" the model structure and keeping good configuration. The RMC method was originally developed by McGreevy and Pusztai (1988) and a comprehensive summary of the method applied to crystalline materials is given in Tucker et al. (2001a) . The RMC method minimizes the difference between observed and calculated data (in our case PDFs). The algorithm in more detail is schematically shown in Fig. 2 and works as follows: First, the PDF is calculated from the chosen crystal starting configuration and a goodness-of-fit parameter c 2 is computed.
The sum is over all measured data points r i , G e stands for the experimental and G c for the calculated PDF. The RMC simulation proceeds with the selection of a random site within the crystal. The system variables associated with this site, such as occupancy, sðiÞ or displacement, rðiÞ, are changed by a random amount, and then the model PDF and the goodness-of-fit parameter c 2 are recalculated. The change Dc 2 of the goodness-of-fit c 2 before and after the generated move is computed. Every move which improves the fit (Dc 2 < 0) is accepted. 'Bad' moves worsening the agreement between the observed and calculated PDF are accepted with a probability of P ¼ exp ðÀDc 2 =2Þ. As the value of Dc 2 is proportional to 1=s 2 , the value of s has an influence on the amount of 'bad' moves which will be accepted. Obviously there are two extremes: For very large values of s, the experimental data are ignored (c 2 % 0) and with very small values of s the fit ends up in the local minimum closest to the starting point, because there is a negligible probability for 'bad' moves. The RMC process is repeated until c 2 converges to its minimum. The result of a successful RMC refinement is one real space structure which is consistent with the observed PDF. In order to exclude chemically implausible resulting structures additional constrains, e.g. minimal allowed distances between atoms, may be introduced.
As example to illustrate the RMC method, we will consider a sample with chemical short range order (SRO). Further details of this example can be found in Proffen (2000) . We will extract chemical ordering information from a simulated PDF, which we will refer to as 'data'. This allows one to test the capability of the PDF method to extract such information for crystalline samples. The RMC simulations were carried out using the program DIS-CUS (Proffen and Neder, 1997) . Figure 3a shows a section of the disordered structure used to calculate the "experimental" data. The SRO chosen is characterized by a negative correlation in the 11-direction which results in a local superstructure as indicated by the circle in Fig. 3a . The calculated PDFs for this configuration and a random distribution are shown in the bottom panel of Fig. 3a as solid and dashed line, respectively. The difference curve is plotted below the PDFs and one can see the "signal" that carries the SRO information. Starting from a random configuration, a RMC simulation was carried out, allowing the two different atom types to order. The resulting calculated PDF and the input PDF are shown in the top panel of Fig. 3c . The flat difference curve shows the excellent agreement. A section of the resulting structure after the RMC refinement is shown in Fig. 3b . A similar arrangement of the two atom types is observed. This demonstrates the ability of the RMC method to extract disorder information from the PDF. In more complicated cases, however, it is important to apply sensible physical and chemical constraints to the system to avoid unlikely resulting configurations. For a much more detailed discussion of these simulation as well as discussion of systems with additional distortions, please refer our earlier paper Proffen (2000).
Real space Rietveld
As discussed in the introduction, an alternative way to obtain structural information from the PDF is the refinement of parameters from a relatively small structural structural model. This has been referred to as Real-Space-Rietveld (Billinge, 1998) . The name points out the similarity with conventional Rietveld refinement (Rietveld, 1969) in terms of the structural parameters refined such as lattice parameters, atomic position and atomic displacement parameters. However, one needs to take care not to take the similarity any further. Rietveld refinements use Bragg peaks and an arbitrary background function and the result will be the average structure of the material. PDF analysis on the other hand is based on the total scattering pattern, revealing the structure on different length scales. It is important to consider the range in r used for the refinement when evaluating a structural result. In this section we will first discuss an example of short range order and then extend the refinements to medium range order using a simulated domain structure as example. All refinements in this section were carried out using the program PDFFIT ).
Short range structure
As an example for a refinement of the near neighbor region of a PDF, we choose the semiconductor alloy ZnSe 1Àx Te x . These materials are of great interest since the electronic band gap can be tuned via the doping level x. It is evidently very important to have accurate local structural information of these systems. Details of this study can be found in Peterson et al. (2001) . For the purpose of this paper, we concentrate on the nearest neighbor (NN) peak. Both endmembers ZnTe and ZnSe have the zinc-blende structure (F 4 43m) where the Zn atoms and Te, Se atoms occupy the two interpenetrating face-centered-cubic (fcc) lattices. The NN bond lengths found in the end-member compounds are L Fig. 4 as filled circles. One can clearly see the two NN bond distances corresponding to Zn--Se and Zn--Te distances. Two models were refined. First a model based on the average structure. Lattice parameters and atomic displacement parameters were refined. The result is shown in Fig. 4 as dashed line. Although the refinement shows a good agreement for the second and third PDF peak, the refinement does not show the split of the first peak. This, of course, is not surprising, since the average structure is constraint to have only one NN bond length. The second model adds h111i displacements to the Zn as well as Se/Te atoms. On order to allow different NN bond length, we need to specify the sites the Se and Zn atoms occupy rather than using an occupancy of 0.5. We retain the original unit cell and place the atoms on their specific sites and allow a displacement from the average atomic sites in h111i directions. The refinement result is shown as solid line in Fig. 4 . The resulting distortions are x Zn ¼ 0:06 A and x Se; Te ¼ 0:03 A. For this model, the split of the NN peak shows up in the refined PDF (Fig. 4) . It should be noted that the refinement range r does not exceed the size of the unit cell. Refining over a wider range using this simple model is not sensible, since we would create a long range ordered crystal using the modified unit cell which is clearly not consistent with the diffraction pattern. A similar type of refinement of X-ray PDF data of semiconductor alloys In x Ga 1Àx As can be found in Petkov and Billinge (2001) . In the next section we use the fact that the refinement models a certain distance range in the PDF and discuss what information can be extracted in case of domain structures.
Medium range structure
In order to investigate what information the PDF can reveal in case of domain structures, we use the PDF calculated from a simulated domain structure as "experimental" data. In our case, the matrix consists of a cubic lattice of atoms M with a lattice parameter of a ¼ 3 A. The model contains spherical domains containing atoms D on the same lattice, coherently imbedded in the matrix structure. The diameter of the domains is d ¼ 15 A. The overall composition of the model structure is 85% M and 15% D atoms. The domain structure as well as the resulting PDF were created using the program DISCUS (Proffen and Neder, 1997 ). All subsequent refinements of the simulated data were carried out with the program PDFFIT as in the last section. The structural model is refined is the same as the matrix structure, only each site is occupied by atoms M and D and the occupancy parameter, o M , is refined. The first refinement was carried out over a range or 2:5 < r < 27:5 A. The refined occupancy is o M ¼ 0:85 just as expected. The refinement is shown in Fig. 5 in the top panel as solid line. The data are represented as filled circles and the difference between data and calculated PDF is displayed below. The overall R-value for this refinement is R ¼ 0:21% 2 . Inspection of the top panel of Fig. 5 shows residuals between calculated PDF and the data, mainly at distances r < 7:5 A. Note, that the difference curves in the Figure are enlarged by a factor of fifty for clarity. Below the difference curve, R-values for individual sections with a width of Dr ¼ 5 A are listed. As already obvious from the difference curve, the agreement up to r ¼ 7:5 A is the worse. This can be understood considering that at distances smaller than the radius of the domains (d=2 ¼ 7:5 A) more B--B pairs are sampled than in the random case. At distances larger than r ¼ 7:5 A only M--M and M--D pair are sampled. We neglect at this point correlations M--M from different domains. Since the refinement range chosen extends to r ¼ 27:5 A, the model assumes the correct overall composition at the expense of worse agreement at low r.
However, we are free to choose the refinement range and rather than using the complete range of the PDF in a single refinement, we refine sections of the PDF individually. A set of five refinements over a range of Dr ¼ 5 A each is shown in the bottom panel of Fig. 5 . The refinement ranges are indicated by the vertical dotted lines. Again, the data are represented as filled circles and the refinement result as solid line. The difference and individual R-values shown below the data indicate a much better overall agreement. For the first range up to r ¼ 7:5 A we see the biggest improvement. The refined occupancy is lower, o M ¼ 0:71 and the R-value has significantly improved. Observing a lower occupancy of atom type M or a higher occupancy of atom type D is consistent with the view that sampling with distances smaller than the domain radius yields more D--D pairs. For all other refinement ranges we find the overall occupancy of o M ¼ 0:85. It should also be noted that the agreement at higher values of r in this second refinement is somewhat better compared to the refinement of the complete PDF range.
As we have seen, refining the PDF in sections, we can extract structural information as a function of length scale. In this simple example, it was evident from the agreement of the data with a simple model, that there were structural differences when sampling with distances below and Structural information from the pair distribution function above r ¼ 7:5 A. This is of course exactly the radius of the domains we have created in our model used to create the input data. This is a very simple demonstration and more complex models could be constructed using the multi phase refinement capabilities of PDFFIT. However, more complicated modelling was outside the scope (and submission deadline) of this paper. An nice example of refining two distinct ranges of the PDF of a Xerogel is Petkov et al. (2002) .
Future
Diffraction data contain a great deal of information. Bragg reflection data reveal the average structure of crystalline materials with increasing complexity and accuracy. But the diffraction data contain even more information in form of diffuse scattering allowing one to study the short and medium range order in materials. A recent review (Proffen et al., 2003) lists a number of studies employing the PDF technique. The ability to refine a structural model is key to this type of studies. In cases of "bad" crystals the Bragg information might not be usable to extract the atomic structure from the diffraction data. In cases of nanocrystals, the extend of the long range order is not sufficient to produce sharp Bragg reflections. In those cases a simple refinement of a structural model using e.g. PDFFIT is a very simple and straight forward way to obtain the local structure of the material. With the growing number of compounds that show drastically different properties when present as nanoparticles compared to as bulk materials, the PDF method and structural refinements as we have discussed in this paper will soon become an important and routine characterization tool. More extended disorder can be understood using RMC refinements (see e.g. Tucker et al. (2001b) or Proffen et al. (2002b) ). RMC methods are also the main simulation route to model PDF data from liquids or glasses (Petri et al., 2000) .
Another application of PDF analysis is the study of domain structures via r dependent structural refinements of the PDF similar to the simple example discussed in the last section. One should keep in mind that on an instrument such as NPDF, PDFs extending to distances in excess of r ¼ 150 A can be obtained. The simulations presented here are just a first step of a systematic exploration by the authors to advance refinement techniques for systems containing such nanodomains. A section of the simulated structure used in the last section is shown in Fig. 6a Fig. 6b . If one would construct a model for the matrix, domain and domain boundary structure, a refinement of these three phases to the observed PDF should be possible. The phase fraction obtained in the different refined regions of the PDF contain information about domain size and domain-domain correlations. Starting with short distances, the PDF is dominated by M--M and D--D contributions. As r increases beyond the domain size, the contribution of D--D decreases as seen in Fig. 5b . For larger domains this approach seems much more feasible than RMC simulations of an enormous model system since the structural parameters are limited to the matrix and domain structures as well as a model for the domain boundary. More studies of model systems are refinement techniques or more complex nanodomain structures are currently under way. 
